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Since the establishment of embryonic stem (ES) cell lines, the combined use of gene targeting with 
homologous recombination has aided in elucidating the functions of various genes. However, the ES cell 
technique is inefficient and time-consuming. Recently, two new gene-targeting technologies have been 
developed: the transcription activator-like effector nuclease (TALEN) system, and the clustered regularly 
interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas) system. In addition to 
aiding researchers in solving conventional problems, these technologies can be used to induce site-specific 
mutations in various species for which ES cells have not been established. Here, by targeting the FgflO gene 
through RNA microinjection in one-cell mouse embryos with the TALEN and CRISPR/Cas systems, we 
produced the known limb-defect phenotypes of FgflO-deficient embryos at the F0 generation. Compared to 
the TALEN system, the CRISPR/Cas system induced the limb-defect phenotypes with a strikingly higher 
efficiency. Our results demonstrate that although both gene-targeting technologies are useful, the CRISPR/ 
Cas system more effectively elicits single-step biallelic mutations in mice. 



Methodologies for disrupting the genome can be used to further our understanding of biological mechan- 
isms. Forward genetic approaches, such as invoking the mismatch repair system with alkylating agents 
(e.g. ethylmethanesulfonate and ethylnitrosourea) and inducing mutagenesis by ultraviolet trimethylp- 
soralen or chromosomal transposon insertion, are mainly used to analyse the precise function of genes. Reverse 
genetic analyses of mice and rats have become possible through the development of embryonic stem (ES) cells. 
However, although well-developed and extensively used, gene-targeting technology using ES cells is costly and 
time-consuming 1 . Therefore, researchers are seeking to apply new genome-editing tools to mice as the next 
generation of genome-modification technologies. Recently, several powerful techniques, including zinc finger 
nucleases (ZFNs), transcription activator-like (TAL) effector nucleases (TALENs) and the clustered regularly 
interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas) system, have been developed 
and used to edit the genomes of cultured cells and various organisms 2 4 . 

TALENs consist of an engineered array of TAL effector repeats fused to the Fokl cleavage domain. By binding 
to specific sequences on opposing DNA strands, TALENs introduce double-strand breaks (DSBs) into the target 
gene 5 . In mammalian zygotes, TALEN-mediated gene targeting was first performed in rats 6 via RNA microinjec- 
tion into one-cell embryos and, later, in mice 7-9 . CRISPR/Cas is an RNA-based adaptive immune system 
developed by bacteria and archaea to cleave foreign nucleic acids (e.g. viral genomes and plasmids) 10 . The complex 
of a CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA) was shown to guide the Cas9 endonuclease 
to a specific DNA target sequence to generate DSBs 11 . An engineered single guide RNA (sgRNA), consisting of 
crRNA fused with tracrRNA, also directed sequence-specific Cas9-mediated cleavage 10 . CRISPR/Cas has been 
applied to cultured human cells 1213 , flies, zebrafish, mice and rats for genome-editing purposes 1417 . Gene target- 
ing with CRISPR/Cas in one-cell mouse and rat embryos allowed the highly efficient production of heritable 
single or multiple gene mutations at the FO generation 16,17 . 
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Figure 1 | Design and application of TALENs targeted to mouse FgflO. (a) FgflO genomic structure and target sequences of TALENs in the mouse FgflO 
locus. Red and blue sequences indicate the left and right binding sites of FgflO-TALEN, respectively, (b) Example of the Surveyor endonuclease assay 
shows cleavage of the PCR amplicons from embryos injected with TALEN mRNAs. Asterisks are the lanes for embryos possessing undisrupted target 
sequences in the genome. Black arrowhead indicates fragments corresponding to predicted cleavage of the 521 -bp amplicon. Red arrowheads indicate 
products generated from Surveyor nuclease assays. Arrow indicates the 500-bp size marker, (c) FO embryo with limb defects after injection with TALEN 
mRNAs (E18.5). Complete limb deficiency was observed in the FgflO-deficient embryo TALEN_LD-#1. (d) FO embryo with limb defects after injection 
with TALEN mRNAs (E13.5). TALEN_LD-#2 showed an abnormal limb development only in the right forelimb (magnified in the right panels). 



Previous studies have demonstrated greater efficiency of gene tar- 
geting with CRISPR/Cas compared to the TALEN system in zebra- 
fish and mice 6,7,16-18 . However, to our knowledge, no study has 
described the differences in effects on the same target sequence or 
gene between these two genome-modifying systems. Here, we report 
the highly efficient disruption of the FgflO gene in mice via the 
TALEN and CRISPR/Cas systems. 

Results 

Mutagenesis of an endogenous gene using TALENs. FgflO is a 
member of the fibroblast growth factor family. It plays an essential 
role in mesenchymal-epithelial interactions for the proper 



development of many organs. FgflO-deficient mice show an ob- 
vious phenotype of complete limb deficiency 19 . Thus, the effects of 
DSBs in FgflO can be directly observed via this easily identifiable 
morphological phenotype. Accordingly, we chose mouse FgflO as the 
target gene for our study. 

The FgflO gene consists of three exons. Transposagen Biophar- 
maceuticals, Inc. designed a TALEN pair with a 19-bp spacer in exon 
1 (Fig. la). TALEN mRNAs produced by in vitro transcription were 
microinjected at different concentrations (10, 20 or 50 ng/ul) into 
the cytoplasm or pronuclei of fertilized mouse eggs. After an over- 
night in vitro culture of the injected oocytes, two-cell embryos 
were transferred into pseudo-pregnant female mice. The resulting 
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Table 1 TALEN-mediated Fgfl 0 gene targeting in BDF1 mice 
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20 
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8 (62) 


1 (13) 


0(0) 


mRNA/PNI 
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1 14/72 (63) 


19(26) 


4(21) 


0(0) 


Embryos were isolated between 


embryonic day 1 3.5 


and 1 8.5. *Determined by both Cel-I 


sndonuclease assay and direct sequencing. IC, intracytop 


asmic; PNI, pronuclear 


njection. 



embryos or pups were assayed for alteration of the TALEN-targeted 
FgflO locus by direct sequencing and the Surveyor (Cel-I) endonu- 
clease assay (Fig. lb). As shown in Table 1, when TALEN mRNAs at 
50, 20 and 10 ng/ul were injected into the cytoplasm, 48% (13/27), 
26% (11/43) and 27% (16/59) of embryos, respectively, exhibited 
non-homologous end joining (NHEJ). When mRNAs at 20 and 
10 ng/ul were injected into pronuclei, the FgflO gene was modified 
in 13% (1/8) and 21% (4/19) of embryos, respectively. When TALEN 
mRNAs at 50 ng/ul were injected into the cytoplasm, 47% (15/32) of 
pups showed FgflO gene modification. 

Two F0 embryos with limb defects were obtained by microinjec- 
tion of TALEN mRNAs (Fig. lc, d). Sequence analysis was performed 
of these two embryos and the founder lines (Fig. 2a, b). The embryo 
TALEN_LD-#1 possessed limb defects and biallelic null mutations 
( — 2/ — 7). TALEN_LD-#2 exhibited non-uniform right forelimb 
development and carried mosaic alleles ( + 1/— 1 + 1/— 1). Some 
mosaic founders (#1, 3, 11) were occasionally observed (Fig. 2). 
Flanking of the DSBs by short sequence repeats was previously 
reported in both TALEN- and CRISPR/Cas-induced mutations in 
mice and rats. This same effect was likely responsible for the pref- 
erential generation of the observed alleles 6,16,20 . In TALEN-induced 
mutations, several alleles (e.g. +1 of C, —1, —3 of two places, —7, 
— 9) were repeatedly recovered in independently derived mice. 
Several alleles (e.g. —5, —7, —8, —9, —16, —24) were considered 
to be formed by microhomology-mediated end joining (MMEJ) 21,22 . 

Germline transmission and generation of homozygous knockout 
mice. We bred several F0 mice or their offspring with wild-type or 
mutant mice to confirm the germline transmission of each allele 
found in mosaic animals and the disruption of gene function. We 
assayed the resulting embryos for each allele present in their parents 
by sequence analysis. All of the examined TALEN -modified alleles 
were confirmed to be transmitted through the germline. However, a 
homozygous mutant with —9/ — 30 + 2 alleles (offspring of WT/+1/ 
-9 [Ml] X WT/-30 + 2 [Fll]) did not show any limb-defect 
phenotype (Table 2). Expected embryos presenting limb-defect 
phenotypes were obtained for the offspring of WT/ — 5 X WT/— 1 
and WT/-1 X WT/-1. 

Gene knockout using CRISPR/Cas. Next, we selected the same 
region to the TALEN target site (CRISPR_143) for gene knockout 
with the CRISPR/Cas system (Fig. 3a). Cas9 mRNAs and sgRNA 
produced by in vitro transcription were microinjected into the 
cytoplasm of fertilized mouse eggs. After the injected oocytes were 
cultured overnight in vitro, two-cell embryos were transferred into 
pseudo-pregnant female mice. Embryos were isolated between 
embryonic day 14.5 (E14.5) and E17.0. Of the 25 embryos injected 
with CRISPR_143, 14 embryos (56%) at F0 showed limb defects 
(Table 3). Some embryos had various limb-defect phenotypes 
(Fig. 3b). The embryos were assayed for alteration of the CRISPR- 
targeted FgflO loci by direct sequencing and Cel-I endonuclease. 
NHEJ events were detected in 24 embryos (96%, Table 3). 

Fig. 4 reports the DNA sequences of the obtained embryos, some 
of which showed mosaic phenotypes (Figs. 3b, 4), including 143-#3 



(WT/ + 2/-2/-4), #18 ( + 2/-1/-3 + 3/-19), #20 (WT/-2/-4/ 
-52) and #21 (WT/- 1/-4/- 10/- 14). Embryos 143-#4-#8, #13, 
#14 and #22-#25 were visually normal; however, wild-type alleles 
were not detected for embryos 143-#4 (-1/-6), #13 (- 1/- 18/-24) 
or #23 ( — 3/ — 7) (Fig. 4). Embryo 143-#16, in which all 32 clones were 
14-nucleotide deletions, exhibited the complete limb -deficiency 
phenotype (Figs. 3b, 4). Several alleles (e.g. —1, —2, —4, —10, 
— 14) were commonly recovered. Six alleles (e.g. —10, —14, —18, 
—24, —27, —52) were considered to be formed by MMEJ. 

Previous studies identified causative mutations of aplasia of the 
lacrimal and salivary glands (ALSG) and lacrimo-auriculo-dento- 
digital (LADD) syndrome, which are overlapping clinical entities, 
in the FGF10 gene 23 " 25 . These mutations included a missense muta- 
tion in exon 3, nonsense mutations in exons 2 and 3, and a substi- 
tution of the terminal nucleotide of intron 2, leading to loss of the 
splice acceptor site of exon 3, affecting the C-terminal region. Next, 
we sought to verify the importance of exon 3 for protein function. 

We designed the CRISPR_547 and CRISPR_563 constructs in 
exon3 of the FgflO gene (Fig. 3a). Cas9 mRNAs and sgRNA were 
microinjected and egg transfer was performed as described for 
CRISPR_143. When the CRISPR_547 and CRISPR_563 constructs 
were used, 94% (17/18) and 58% (18/31) of the FO-generation 
embryos, respectively, had altered limb development (Table 3). 
Some embryos exhibited various limb-defect phenotypes (Fig. SI). 
For the CRISPR_547 construct with 10 ng/ul Cas9 mRNA and 1 or 
0.1 ng/ul sgRNAs, 100% (4/4) or 93% (13/14) of embryos, respect- 
ively, showed limb-defect phenotypes, compared to 91% (10/11) or 
40% (8/20), respectively, for the CRISPR_563 construct (Table 3). 

When the CRISPR_547 construct was used, the complete limb- 
deficiency phenotype was observed in embryos 547-#5-#12 and #14. 
Embryos 547-#5-#ll and #14 possessed biallelic or mosaic muta- 
tions without wild-type alleles. In embryos 547-#8 and #10, half or all 
of the detected alleles were in-frame indels, which are evenly divisible 
by three (Figs. 5 and SI). Embryo 547-#12 had eyelids, which should 
be lost in FgflO - ' - mice (Figs. 5 and SI), and only 2/35 clones had the 
wild-type allele. Some alleles (e.g. +2, —1) were occasionally recov- 
ered. Several alleles (e.g. —6, —10, —14, —15, —53) were considered 
to be formed by MMEJ. 

For CRISPR_563, embryos 563-#12-#15 visually exhibited the 
complete limb-deficiency phenotype. These embryos possessed 
mosaic mutations without wild-type alleles or in-frame indels. 
Embryos 563-#16, #17 and #19, which possessed wild-type alleles, 
exhibited non-uniform limb-defect phenotypes (Fig. 5, SI). Some 
alleles (e.g. +1, —1, —7, —8, —13) were occasionally recovered. 
Several alleles (e.g. —7, —8, —13, —14, —15, —16) were considered 
to be formed by MMEJ. 

Discussion 

The TALEN and CRISPR/Cas systems have recently become more 
popular for genome editing than ZFNs, probably because of the 
flexibility and easy preparation of the former constructs. ZFN- 
induced mutations have an efficiency of up to —7.4% (20-75% of 
live births) 26 " 28 . Widely different mutagenic efficiencies have been 
reported for TALENs, probably due to the numerous methods of 
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1-2/-7) 



MetValSerGlnGluAlaThrAsnCysSerSerSerSerSerSerPheSerSerProSerSerAla 
ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

(Total: 9) 

A T G GT GT C AC AGGAGGCC ACC AAC TGCTCTTCTT — TCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (x5 ) 
ATGGTGTCACAGGAGGCCACCAACTGCTCT CCTCGTCCTTCTCCTCTCCTTCCAGTGCG -7 (x4 ) 



TALEN_LD-#2 
(+1/-1+1/-1) 



(Total: 23) 

ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTACCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG +1 (x6) 
ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTACTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 + 1 (xl ) 
ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCTT -CTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (xl6) 



Founders 

WT ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 
M-#l (WT/+1/-9) ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCTTCCCTCCTCGCCTTCTCCTCTCCTTCCAAGTGCG 

ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCTT CCTTCTCCTCTCCTTCCAGTGCG 

M-#3 (WT/-1/-3) ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTT-CTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

ATGGTGTCACAGGAGGCCACCAACTGCTCTTC CTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

M-#6 (WT/+1 ) ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCTTCCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

M-#9 (WT/+1 ) ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCTTCCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

M-#ll(WT/+l/-4/-9) ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 
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A T G GT GT C AC AGGAGGC C ACC AAC TGCTCTTCT TCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 
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ATGGTGTCACAGGAGGCCACCAAC TGCTCTTCT TCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

ATGGTGTCACAGGAGGCCACCAAC T — TCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG 

ATGGTGTCACAGGAGGCCACCAAC TGCTCTT TG GTGCG 
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Figure 2 | Sequence information of FgflO mutant alleles produced by TALEN. (a) Sequences obtained from embryos with limb defects or from founder 
animals generated by microinjection of TALEN mRNAs. DNA sequences to which the TALEN monomers were designed are shown in blue text. 
Nucleotide mutations (deletions and insertions) are shown in red text. Microhomologous sequences adjacent to the breakpoint are underlined. For F0 
embryos with limb defects, TA clones of the PCR products amplified from the genomic DNA were analysed. The total number of examined clones and the 
number of each genotype are listed at the right side, (b) Wild-type sequences of the FgflO protein are shown on the top. Amino acids corresponding to 
spacer region are highlighted in blue. Predicted consequences of the mutation on the amino acid sequences are highlighted in red. Stop codons are shown 
as x. 
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eles and production of limb-defect knockout embryos 
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WT/-1 (Fl genofM3) 


12 




6 


Fl alleles were determined by seqi 


encing. Genotyping was not performed for 


the bottom two rows, in which embryos with limb defects were obtained, gen, generation. 





constructing TALENs harbouring different TAL effector scaffolds 
and repeat variants. TALEN efficiencies of up to 15% have been 
reported for some targets, including fragile-site genes (e.g. with 
AT-rich and dinucleotide-repeat regions) 29 , the repeat-rich Y chro- 
mosome 30 , and micro RNA genes 31 . Efficiencies of 40-100% were 
reported for TALEN-induced mutagenesis 32 34 . High efficiencies 
have been reported for targeted gene disruption with CRISPR/Cas 
(e.g. >75% of founders with mutations 17 and a biallelic mutation 
induction efficiency of <50% 16 ). Although the TALEN and 
CRISPR/Cas systems have been used to disrupt the genome in 
mice 7,8,16,17 , to the best of our knowledge, this is the first report to 
show disruption of the same gene by both methods. FgflO was 
selected as the marker gene because of its obvious limb-deficiency 
phenotype in the knockout embryo 19 . 

Previous studies compared the efficiencies of indel mutagenesis by 
TALEN and CRISPR/Cas in mammalian cells and zebrafish. 
Although CRISPR/Cas elicited a higher mutagenic activity (up to 
-29%) than TALEN (up to -4.5%) in mammalian cells 12 , TALEN 
showed superior performance in zebrafish (Cas9/gRNA: —3-70%, 
TALEN: ~5-100%) 18 . In the present study, when the TALEN system 
was used, the efficiency of NHEJ mutations was as high as — 50%, and 
the frequency of F0 embryos with limb defects was as high as —10%. 
We, then, evaluated the capacity of CRISPR/Cas system to disrupt 
genes in mice, by selecting the same region to the TALEN target site 
(CRISPR_143). The efficiency of TALEN-induced NHEJ events ran- 
ged 27-48%, whereas the CRISPR_143-induced mutation rate 
exceeded 90%. DSBs are efficiently repaired by MMEJ and homolog- 
ous recombination. MMEJ is a Ku- independent end-joining method 
mediated by base pairing between microhomologous sequences of 5- 
25 nucleotides 21 . In this study, although both TALEN and CIRSPR/ 
Cas induced many types of indels in the same region, they did not 
produce the same indels. Because the PAM sequence recognized by 
Cas9 nuclease is slightly separated from the TALEN spacer region, 
the short sequence repeats used for DSB repair might be different 
between them. 

For the limb phenotypes, embryos injected with sgRNA 
(CRISPR_143) and Cas9 mRNA showed higher frequencies of 
limb-defect phenotypes (up to —60%) compared to embryos injected 
with TALEN mRNAs (up to — 10%) at the F0 generation. Moreover, 
the CRISPR/Cas system may remain active until later in embryogen- 
esis than the TALEN system from the variety of mutant alleles 
detected in each mosaic animal. Mutant alleles induced by either 
system reportedly transmit to the next generation at similar 
rates 7,8,16,17 . Although we did not examine the germline transmission 
of CRISPR/Cas-induced mutant alleles, all of the examined TALEN- 
induced alleles were transmitted to the next generation. 

Gene targeting method using TALEN and CRISPR/Cas system is 
spreading explosively, however, the indels which are multiple of 
three need be taken care of. Embryos 143-#4 (— 1/— 6), #13 (—1/ 
— 18/— 24) and #23 ( — 3/ — 7) appeared normal without possessing 
wild-type alleles. An embryo with the —9/ — 30+2 alleles also exhib- 



ited a normal phenotype (Table 2). From the sequence homology, the 
crystal structure of human FGF10 is anticipated to adopt a (3-trefoil 
fold consisting of 12 (3-strands ()3l — pl2) after the N-terminal 3 10 
helix 35 . The region upstream of the 3 10 helix was selected as the target 
site for the TALEN system. Therefore, in-frame indels upstream of 
the P-trefoil fold structure, which is the target site of TALEN and 
CRISPR_143, may not affect the FGF10 protein function. 

To create gene-knockout animals, the exon including the start 
codon or a common exon among splice variants is generally chosen 
as the target locus. Sekine et al. generated FgflO-deficient mice by 
replacing the exon encoding the ATG translational start site with the 
neomycin cassette 19 . Thus far, it has not been realistic to identify the 
functional domain of a protein in vivo by deletion analysis, although 
this approach is often performed for cultured cells. In the present 
study, we also targeted exon 3 in the mouse FgflO gene, which corre- 
sponds to several reported human ALSG mutations. The target site 
overlaps with the (311 strand of the FGF10 protein for CRISPR_547 
and is located between the (311 and (312 strands of CRISPR_563. Lys- 
196 (next to the protospacer adjacent motif [PAM]) of CRISPR_563) 
and His-201 (in the (312 strand) are important residues for the sec- 
ondary ligand-receptor interaction in the FGF10-FGFR2b com- 
plex 36 . Termination at Arg-194 next to the PAM sequence of 
CRISPR_563 leads to ALSG 23 . A histidine-to-proline substitution 
downstream of the [312 strand was not related to ALSG 37 , although 
the histidine residue is not conserved in mouse FGF10. CRISPR_547 
and 563 produced embryos with limb-defect phenotypes at a strik- 
ingly higher rate (up to - 100%) than TALEN (up to - 10%; Table 3). 
Moreover, the complete limb-deficiency phenotype was observed for 
embryo 547-#8, which possessed in-frame indels in almost half of the 
examined clones, and embryo 547-#10, which possessed only in- 
frame indels. These previous findings confirm the in vivo importance 
of the |3l 1-|312 loop at the C-terminus of FGF10. 

Mosaicism and abnormal limb development were occasionally 
observed in embryos treated by TALENs or CRISPR/Cas (Figs. 1, 

3, and SI). Embryos with mosaic phenotypes (e.g. TALEN_LD-#2, 
CRISPR_143-#3, #15, #18, #20, #21, CRISPR_563-#16, #17 and #19) 
carried frame-shift alleles, wild-type alleles or in-frame indels (Fig. 2, 

4, 5). Because the target sites of TALEN and CRISPR_143 are 
upstream of the 3 10 helix and P-strands, in-frame indels of the 
-1 + 1 allele in TALEN_LD-#2 (1/23 clones) and the -3 + 3 allele 
in CRISPR_143-#18 (3/37 clones) did not affect the functional struc- 
ture of the FGF10 protein, which might lead to mosaic phenotypes 
without wild-type alleles. However, embryos 547-#8 and #10, in 
which half or all of the clones were in-frame indels, exhibited the 
complete limb-deficiency phenotype. These observations suggest 
that selecting a target site in important domains may be important 
for effectively disrupting the gene function. 

The CRISPR/Cas system has some advantages for genome editing, 
including easier preparation of the constructs compared to TALENs. 
However, the off-target cleavage rate may be high for short or single 
target sequences. A high frequency of off-target mutagenesis for the 
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ATG 
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TAG (stop codon) 



130 



TALEN-L TALEN-R 
ATG...ATGGTG TCACAGGAGGCCACCAAC TGCTCTTCTTCCTCCTCGT CCTTCTCCTCTCCTTCCA GTGCG 
CRISPR 143 CCACCAACTGCTCTTCTTCCTCC 



545 630 

ATGGAAAAGGAGCTCCCAGGAGAGGACAAAAAACAAGAAGGAAAAACACCTCTGC...TAG 



CRISPR_547 
CRISPR 563 



GGAAAAGGAGCTCCCAGGAGAGG 

GGAGAGGACAAAAAACAAGAAGG 



143-#3 



143-#16 




143-#18 



Figure 3 | FgflO genomic structure and target sequences of CRISPR/Cas system, and examples of embryos produced by CRISPR_143. (a) FgflO 
genomic structure and target sequences of CRISPR_143, 547 and 563 in the mouse FgflO locus. Protospacer adjacent motif (PAM) sequences are 
highlighted in red. TALEN-binding sites described in Fig. 1 are underlined, (b) Examples of embryos with limb defects (143-#3, #16 and #18) are shown 
(E16.5). Embryo 143-#3 shows mosaic phenotypes in both hindlimbs. The yellow arrowhead indicates an extra digit in the right forelimb. Embryo 143- 
#16 with only -14 allele shows the complete limb-deficiency phenotype typical of FgflO-deficient embryos. Embryo 143-#18 exhibits a small prominence 
at the right forelimb area (white arrowhead). 



Table 3 | CRISPR/Cas-mediated Fgfl 0 gene targeting in BDF1 
Target region Cas9/sgRNA (ng/ul) No. injected/transferred (%) 


mice 

No. (%) embryos 


ED 


NHEJ events (%}* 


No. [%) limb defects 


#143 10/1 


52/22 (42) 


1 5 (68) 


16.5 


15/15 (100) 


8 (53) 


10/0.1 


27/17(63) 


1 0 (59) 


16.5 


9/10(90) 


6 (60) 


#547 10/1 


92/28 (30) 


4(14) 


14.5 




4 (100) 


10/0.1 


58/35 (60) 


14(40) 


17.0 




13 (93) 


#563 10/1 


67/24 (36) 


1 1 (46) 


14.5 




10 (91) 


10/0.1 


50/21 (35) 


20 (99) 


16.5 




8 (40) 


Cas9 mRNA and sgRNA were injected into the cytoplasm at the indicated concentrations. Embryos were isolated between embryonic 
assay and direct sequencing. Surveyor (Ce!-I) endonuclease assay was not performed for embryos injected with CRSPR_547 and 563 


day (ED) 14.5 and 17.0. *Dete 


mined by both Cel-I endonuclease 
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MetValSerGlnGluAlaThrAsnCysSerSerSerSerSerSerPheSerSerProSerSerAla 

wt atggtg |tcacaggagg . ■. . .ccaac| tgctcttcttcctcctcgt |ccttctcctctccttcca| gtgcg 

(Total: 31) 

14 3-#3 ATGGTGTCACAGGAGG:-'-^CCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x4) 

ATGGTGTCACAGGAGGCCACCAATACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG +2 (xl3) 

ATGGTGTCACAGGAGGCCACCA--TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 [x9) 

ATGGTGTCACAGGAGGCCAC TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -4 (x5) 

(Total: 17) 

14 3- #4 ATGGTGTCACAGGAGGCCACC-ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (xll) 

AT GG TG TCACAGGAGG C C AC C TCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -6 (x6) 

(Total: 33) 

14 3- #5 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x22) 

ATGGTGTCACAGGAGGCCACCA--TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (xll) 

(Total: 19) 

14 3- #6 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x7) 

ATGGTGTCAC --TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -14 (xl2) 

(Total: 19) 

143-#7 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x5) 

ATGGTGTCACAGGAGGCCAC CTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -3 (x3) 

ATGGTGTCAC 2Z TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG _14 < xll > 

(Total: 25) 

143-#8 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (xl5) 

ATGGTGTCACAGGAGGCCACCAAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG +1 (x8) 

ATGGTGTCACAGGAGGCCACC--CTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (x2) 

(Total: 12) 

14 3-#9 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x2) 

ATGGTGTCACAGGAGGCCACCAAAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCATCCAGTGCG +2 (x2) 

ATGGTGTCACAGGAGGCCACCA--TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (x5) 

ATGGTGTCAC --TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -14 (x3) 

(Total: 45) 

143 -#13 ATGGTGTCACAGGAGGCCACC-ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (xl4) 

ATGGTGTCACAGGAGG — CCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -18 (x27) 

TTGGTCAGGAC (-24) --^TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -24 (x4) 

(Total: 28) 

143-#14 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x3) 

ATGGTGTCACAGGAGGCCACC-ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (x4) 

ATGGTGTCACAGGAGGCCACCA--TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (xl4) 

ATGGTGTCACAGGAGGCCAC TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -4 (x3) 

AT GG TG TCAC AG GA G GC ^TCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -10 (x4) 

(Total: 27) 

14 3 -#15 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (xlO) 

ATGGTGTCACAGGAGGCCACCAAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG +1 (xl5) 

ATGGTGTCAC --TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -14 (x2) 

(Total: 32) 

143-#16 ATGGTGTCAC --TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -14 (x32) 

(Total: 32) 

143 -#17 ATGGTGTCACAGGAGGCCACC-ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (x24) 

ATGGTGTCACAGGAGGCCACCA--TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (x4) 

ATGGTGTCACAGGAGG:'' ' -CC TCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -5 (x4) 

(Total: 37) 

143-#18 ATGGTGTCACAGGAGGC'':ACCAAAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTG +2 (xl3) 

ATGGTGTCACAGGAGG::' . -" CC- ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (x5) 

ATGGTGTCACAGGAGGCCAGTCACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -3+3 (x3) 

ATGGTGTC TCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -19 (xl6) 

(Total: 39) 

143-#2D ATGGTGTCACAGGAGG::': ACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x5) 

ATGGTGTCACAGGAGGCCACCA--TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 (x6) 

ATGGTGTCACAGGAGGCCAC TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -4 (xl4) 

CGTTCCCTG (-52) CTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -52 (xl4) 

(Total: 34) 

143-#21 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (xll) 

ATGGTGTCACAGGAGGCCACC- ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (x9) 

ATGGTGTCACAGGAGGCCAC TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -4 (x3) 

AT GG TG TCACAG GA GG C TCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -10 (x7) 

ATGGTGTCAC --TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -14 (x4) 

(Total: 20) 

143 -#22 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x7) 

ATGGTGTCACAGGAGGCCACC-ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -1 (x3) 

ATGGTGTCACAGGAGG.".". C.^C TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -4 (xlO) 

(Total: 16) 

143-#23 ATGGTGTCACAGGAGG CCACCA GCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -3 (x8) 

ATGGTGTCACAGGAGG:' TGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -7 (x8) 

(Total: 28) 

143-#24 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x28) 

(Total: 29) 

143-#25 ATGGTGTCACAGGAGGCCACCAACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG WT (x9) 

AT GG TG TCACAG GAG G C C AC CA CTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCC/aGTGCG -4 (x6) 

AT GGTG TCACAG GA ACTGCTCTTCTTCCTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -8 (x2) 

ATGGTGTC — CTCCTCGTCCTTCTCCTCTCCTTCCAGTGCG -2 7 (xl2) 

Figure 4 | Sequence information of FgflO mutant alleles produced by CRISPR_143 sgRNA and Cas9 mRNAs. For F0 embryos, TA clones of the 
PCR products amplified from each embryo were analysed by DNA sequencing. Total number of clones examined and number of each genotype are listed 
at the right side. Protospacer and PAM sequences are highlighted in green and shown in blue text, respectively. Boxed sequences represent TALEN- 
binding sites described in Fig. 1. Microhomologous sequences adjacent to the breakpoint are underlined. 
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TyrValAlaLeuAsn GlyLysGlyAlaProArgAr gGlyGlnLysThrArgArgLysAsnThrSerAlaHlsPheLeuProMetThrlleGlnThr 

(Total: 33) 

547-J5 GAATGGAAAAGGAGCTCCCAGGGAGAGGACAAAAAACAAGAAGGAAAAACACCTCTG +1 (x9) 

ACTGGCAG (-53) — AGGACAAAAAACAAGAAGGAAAAACACCTCTG _53 (x!7) 

GAATGGAAAAGGAGC TC CC ATTCTTATTCATCCCCAAGGTCTAAATAACTTTAAATG -37 + 188 (x7) 

(Total: 46) 

547-#6 GAATGGAAAAGGAGCTCCCAGAAGAG A GG AC AAAAAACAAGAAGGAAAAACACCTCTG +2 (x25) 

GAATGGAAAAGGAGCTCCCAG-AGAGGACAAAAAACAAGAAGGAAAAACACCTCTG -1 U21) 

(Total: 36) 

547-#7 GAATGGAAAAGGAGCTCC AGAGGACAAAAAACAAGAAGGAAAAACACCTCTG -4 (x22) 

GAATGGAAAAGGAGCTCCCAAAAAAAGGACAAAAAACAAGAAGGAAAAACACCTCTG -4 + 5 (xl4) 

(Total: 69) 

547-#8 GAATGGAAANGGAGCTCCCAGAGGATGACAACTTCTGTATTAGTCAGGGTTCTCTA +205 (x2) 

GAATGGAAAAGGAGCTCC C A — — — G A CA AA AA AC AA GA AG GAAAAAC AC C T C T G -6 (x33) 

GAATGGAAA AGGA GC AAAAAACAAGAAGGAAAAACACCTCTG -14 (x31) 

GAATGGAAAAGGA CAAAAAAC AAGAAGGAAAAAC AC C T C T G -15 (x3) 

(Total: 39) 

547-J9 GAATGGAAAAGGAGCTCCCAG-AGAGGACAAAAAACAAGAAGGAAAAACACCTCTG -1 (x28) 

GAATGGAAAAGGAGCTCC CTGCTACAGGGAGGATTCAGAACTGCATAACGGGGAAG -7 + 162 (xll) 

(Total: 47) 

547-#10 GAATGGAAAAGGAGCTCC CAG AG GA CAAAAAAC AAGAAGGAAAAACACCTCTG -3 (x22) 

GAATGGAAAAGGAGCTCCCAG-AC — GA CAAAAAAC AAGAAGGAAAAACACCTCTG -5+2 (x3) 

GAATGGAAAAGGAGCTCC CAG- ACA- -ACAAAAAACAAGAAGGAAAAACACCTCTG -6 + 3 (x22) 

(Total: 12) 

547-#ll GAATGGAAAAGGAGCTC-AAAAAG AG GA CAAAAAAC AAGAAGGAAAAACACCTCTG -5+4 (xl2) 

(Total: 35) 

547-#12 GAATGGAAAAGG AG CTCCCAGGAGAGGA CAAAAAAC AAGAAGGAAAAACACCTCTG WT (x2) 
GAATGGAAAAGGAGCTCCCAAAGG AG AG GACAAAAAAC AAGAAGGAAAAACACCTCTG +2 (xl4 ) 

GAATGGAAAAGGAGCTCCC-GGAGAGGACAAAAAACAAGAAGGAAAAACACCTCTG -1 (xl4) 
GAATGGAAAAGGAGCTC GAGAGGACAAAAAACAAGAAGGAAAAACACCTCTG -4 (x5) 

(Total: 40) 

547-#14 GAATGGAAAAGGAGCTCCCAAAGGAG A GG AC AAAAAACAAGAAGGAAAAACACCTCTG +2 (x9) 

GAATGGAAAAGGAGCTCCCAGAAGAGAGGACAAAAAACAAGAACGAAAAACACCTCTG +2 (x3) 

GAATGGAAA AGGA G A GGACAAAAAACAAGAAGGAAAAAC AC CT CT G -10 (x4) 

GAATGGAAAAGGAGCTCC — CAAAAAACAAGAAGGAAAAACACCTCTG -10 (x24) 



b „. i pi° "i i p 11 i ... ,„„ i pi2 i 

TyrValAlaLeuAsnGlyLysGlyAlaProA rgArgGlyGlnLysThrArg ArgLysAsnThrSerAlaHlsPheLeuProMetThrlleGlnThr 
WT GAATGGAAAAGGAGCTCCCAGGAGAGGACAAAAAACAAGA. GAAAAACACCTCTG 

(Total: 32) 

563-#12 GAATGGAAAAGGAGCTCCCAGGAGAGGA CAAAAAAC A- GAAGGAAAAACACCTCTG -1 (x2) 

GAATGGAAAAGGAGCTCC CAGGAGAGGACA AAAAACA CCTCTG -13 (x26) 

GAATGGAAAAGGAGCTCCCAGGAGAGGACA -AAAACA CCTCTG -14 (x4) 

(Total: 30) 

563-#13 GAATGGAAAAGGAGCTCCCAGGAGAGGACAA GAAGGAAAAACACCTCTG -7 (x2) 

GAATGGAAAAGGAGCTCC CAGGAGAGG ACAA AAGGAAAAAC AC C T C T G -8 (xl2) 

GAATGGAAAAGGAGCTCCCAGGAG AGGA C AAA CACCTCTG -16 (xl6) 

(Total: 36) 

563-H4 GAATGGAAAAGGAGCTCCCAGG AG AG GACAAAAAACA- GAAGGAAAAACACCTCTG -1 (x29) 
GAATGGAAAAGGAGCTCCCAGGAGAGGACA AAAAACA CCTCTG -13 (x7) 

(Total: 31) 

563-#15 GAATGGAAAAGGAGCTCCCAGGAGAGGACAAAAAACAAAGAAGGAAAAACACCTCTG +1 (x4) 

GAATGGAAAAGGAGCTCC CAGGAGAGGA CAA GAAGGAAAAACACCTCTG -7 (x3) 

GAATGGAAAAGGAG CT CC CAGG AG AG G ACAA AAGGAAAAACAC C T C T G -8 (x2) 

GAATGGAAAAGGAG CTCC CAGGAGAGGACA AAAAACA CCTCTG -13 (x8) 

GAATGGAAAAGGAGCTCCCAGGAGAGGACA -AAAACA CCTCTG -14 (xl) 

GAATGGAAAAGGAGCTCC CAGGAG AGG AAAAACA CCTCTG -16 (xl3) 

(Total: 37) 

563-#16 GAAT GGAAAAGG AG CTCC CAGG AG AG GA CAAAAAAC AAGAA.GGAAAAACAC C T C T G WT |x7) 

GAATGGAAAAGGAGCTCCCAGGAGAGGACAAAAAACAAAGAAGGAAAAACACCTCTG +1 (x7) 
GAATGGAAAAGGAGCTCCCAGGAGAGGACAAAAA-GAA GAAGGAAAAACACCTCTG -2+1 (x3) 

GAATGGAAAAGGAGCTCC CAGG AG AG GACAAAAA GAAGGAAAAACACCTCTG -4 (x9) 

GAATGGAAAAGGAGCTCC CAGG AGA AGGAAAAACACCTCTG -15 (xll) 

(Total: 37) 

563-#17 GAATGGAAAAGGAGCTCCCAGGAGAGGA CAAAAAACAAGAAGGAAAAACACCTCTG WT (xlO) 
GAATGGAAAAGGAGCTCC CAGGAGAGGACAAAAAACA-GAAGGAAAAACACCTCTG -1 (x3) 
GAATGGAAAAGGAG CTCC CAGGAGAGG ACAA GAAGGAAAAACACCTCTG -7 (x24) 

(Total: 37) 

563-#19 GAATGGAAAAGGAGCTCCCAGGAGAGGACAAAAAACAA GAAGGAAAAACACCTCTG WT (xl8) 

GAATGGAAAAGGAGCTCCCAGGAGAGGACAAAAAACAAAGAAGGAAAAACACCTCTG +1 (x3) 
GAATGGAAAAGGAGCTCC CAGGAGAGGACAAAAAACA-GAAGGAAAAACACCTCTG -1 (x3) 

GAATGGAAAAGGAG CTCC CAGG AG AGGACAAAAAA GAAGGAAAAACACCTCTG -3 1x5) 

GAATGGAAAAGGAG CTCC CAGG AG AG GACA AAAAACA CCTCTG -13 (x8) 

Figure 5 | Sequence information of FgflO mutant alleles produced by CRISPR_547 and 563 sgRNA and Cas9 mRNAs. For FO embryos with limb 
defects, TA clones of the PCR products amplified from each embryo were analysed by DNA sequencing. The total number of clones examined and the 
number of each genotype are listed at the right side. Protospacer and PAM sequences are highlighted in green and shown in blue text, respectively. 
Microhomologous sequences adjacent to the breakpoint are underlined. Positions of fj-strands are shown above the corresponding amino acid sequences 
(P10-P12). 
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CRISPR/Cas system was reported in human cultured cells 38,39 and 
some in vivo mouse analyses 16,40 " 42 . Using Cas9 nickase would effi- 
ciently reduce the damage at known off-target sites 43,44 . Although we 
did not investigate the off-target mutagenesis rate, we efficiently 
obtained the expected phenotypes at the FO generation through sev- 
eral different target sites in the FgflO gene, especially by the CRISPR/ 
Cas system. 

In conclusion, we have described the differences in effects on the 
same target region or gene between the TALEN and CRISPR/Cas 
systems. The CRISPR/Cas system showed extremely high rates of 
NHEJ events in multiple alleles and, similar to the TALEN system, 
is an excellent tool to accelerate functional genomic research in mice. 

Methods 

Animals. All animal care and experiments were carried out in accordance with the 
Guidelines for Animal Experiments of the University of Tokushima, and were 
approved by the Ethics Committee of the University of Tokushima for Animal 
Research (approval number: 10110). 

Production of TALEN mRNA. TALEN plasmids targeting the mouse FgflO exonl 
sequences were synthesized by Transposagen Biopharmaceuticals, Inc. (Lexington, 
KY). To prepare mRNA for FgflO, TALEN plasmid linearization with StuI and 
phenol- chloroform extraction were performed by standard methods. The mRNAs 
were generated in vitro with the mMESSAGE mMACHINE T7 ULTRA Kit (Ambion, 
Austin, TX), according to the manufacturer's instructions. After ethanol 
precipitation, mRNAs were suspended in an appropriate volume of RNase-free water 
to achieve final concentrations of 10, 20 and 50 ng/ul. 

Production of Cas9 mRNA and sgRNA. The Cas9 plasmid (pMLM3613) was 
purchased from Addgene (Cambridge, MA). For sgRNA production, two different 
forward and reverse primers for target sequences of FgflO were annealed and cloned 
into the Bsal site of the pDR274- encoding sgRNA. Cas9 mRNA and sgRNAs were 
transcribed using Pmel-digested Cas9 and Dral-digested gRNA expression vectors as 
templates by the mMESSAGE mMACHINE T7 ULTRA Kit. After transcription was 
complete, DNase I treatment was performed according to the manufacturer's 
instructions. Cas9-encoding mRNA and sgRNA were purified by LiCl and 
isopropanol precipitation. They were suspended in an appropriate volume of RNase- 
free water. RNA concentrations for microinjection were estimated from the bands 
and DNA markers. 

RNA microinjection into one-cell mouse embryos. TALEN mRNAs were 
microinjected into the cytoplasm or pronuclei of fertilized eggs derived from 
superovulated BDF1 (C57BL/6 X DBA2 Fl) female mice crossed with males of the 
same strain at 0.5 dpc. For Cas9-encoding mRNA and sgRNA, those RNAs were 
coinjected into the cytoplasm. Injected eggs were cultured overnight in M16 medium 
(Sigma) at 37°C with 5% C0 2 - Resulting two-cell embryos were transferred into the 
oviducts of pseudo-pregnant MCH/ICR females. 

Analysis of mutations by Surveyor nucleases. To detect Fgf 1 0 TALEN- and 
CRISPR- induced mutations in F0 embryos, genomic DNA was extracted from the tail 
tips of fetuses and newborns. Targeted genomic loci were amplified by using the 
KOD-Plus-Neo (TOYOBO, Osaka, Japan) DNA polymerase with 3' to 5' 
proofreading exonuclease activity, according to the manufacturer's instructions. 
Primers were designed to anneal —200 to 250 bp upstream and downstream from the 
expected cut sites. PCR was carried out with the following oligonucleotides: ExlF (5'- 
CAGCAGGTCT TACCCTTCCA-3') and ExlR (5 ' -TACAGGGGTT 
GGGGACATAA-3') were used to amplify a 521 -bp fragment surrounding the target 
site in Exonl. Ex3F (5 ' -TGACTCTTCT GTTGTT AG CGT TG-3') and Ex3R (5'- 
ACATCCAAAG CCTTCCTTCC-3') were used to amplify a 501-bp fragment 
surrounding the target site in Exon3. 

To allow complementary but mismatched strands to anneal, PCR products 
(400 ng), purified by the Wizard SV Gel and PCR Clean-up System (Promega), were 
incubated at 95°C for 5 min in 10 mM Tris-HCl (pH 8.5), 75 mM KC1 and 1.5 mM 
MgCl 2 . Nuclease S (0.4 ul) and Enhancer S (0.4 ul) (Surveyor Mutation Detection 
Kit, Transgenomic, Omaha, NE) were added. Samples were incubated at 42°C for 
30 min to digest the annealed PCR products at the mismatched sites. Nuclease S- 
digested PCR products were analysed by agarose gel electrophoresis. 

DNA sequencing of mutated endogenous gene target sites. The purified PCR 
products were used for either direct or cloned sequencing. For the DNA sequencing 
analysis of each allele induced by the TALEN or CRISPR/Cas system, 3 '-terminal 'A' 
overhangs were added to the purified blunt-ended PCR amplicons and subcloned into 
a plasmid using the DynaExpress TA PCR Cloning Kit (BioDynamics Laboratory, 
Tokyo, Japan). After transformation of these reactions, plasmids were extracted from 
the resultant Escherichia coli colonies. Sequencing was performed with the BigDye 
Terminator Cycle Sequencing Kit and an ABI 3500 Genetic Analyser (Applied 
Biosystems, Foster City, CA). Mutated alleles were identified by comparison to the 
wild-type sequence. 



1 . Doyle, A. et al. The construction of transgenic and gene knockout/knockin mouse 
models of human disease. Transgenic Res. 21, 327-349 (2012). 

2. Gaj, T. et al ZFN, TALEN, and CRISPR/Cas-based methods for genome 
engineering. Trends Biotechnol. 31, 397-405 (2013). 

3. Umov, F. D. et al. Genome editing with engineered zinc finger nucleases. Nat. Rev. 
Genet 11, 636-646 (2010). 

4. Joung, J. K. & Sander, J. D. TALENs: a widely applicable technology for targeted 
genome editing. Nat. Rev. Mol. Biol, 14, 49-55 (2013). 

5. Miller, J. C. et al. A TALE nuclease architecture for efficient genome editing. Nat. 
Biotechnol 29, 143-148 (2011). 

6. Tesson, L. et al. Knockout rats generated by embryo microinjection of TALENs. 
Nat. Biotechnol. 29, 695-696 (2011). 

7. Sung, Y. H. et al. Knockout mice created by TALEN-mediated gene targeting. Nat. 
Biotechnol 31,23-24 (2013). 

8. Davies, B. et al. Site specific mutation of the Zic2 locus by microinjection of 
TALEN mRNA in mouse CD1, C3H and C57BL/6J oocytes. PLoS ONE 8, e60216 
(2013). 

9. Wefers, B. et al. Generation of targeted mouse mutants by embryo microinjection 
of TALEN mRNA. Nat. Protoc. 8, 2355-2379 (2013). 

10. Garneau, J. E. et al. The CRISPR/Cas bacterial immune system cleaves 
bacteriophage and plasmid DNA. Nature 468, 67-71 (2010). 

11. Jinek, M. et al. A programmable dual -RNA- guided DNA endonuclease in 
adaptive bacterial immunity. Science 337, 816-821 (2012). 

12. Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 
339,819-823 (2013). 

13. Mali, P. et al. RNA-guided human genome engineering via Cas9. Science 339, 
823-826 (2013). 

14. Gratz, S. J. etal. Genome engineering of Drosophila with the CRISPR RNA-guided 
Cas9 nuclease. Genetics 194, 1029-1035 (2013). 

15. Hwang, W. Y. et al. Efficient genome editing in zebrafish using a CRISPR-Cas 
system. Nat. Biotechnol. 31, 227-229 (2013). 

16. Wang, H. et al. One-step generation of mice carrying mutations in multiple genes 
by CRISPR/Cas-mediated genome engineering. Cell 153, 910-918 (2013). 

17. Li, D. et al. Heritable gene targeting in the mouse and rat using a CRISPR-Cas 
system. Nat. Biotechnol. 31, 681-683 (2013). 

18. Xiao, A. et al. Chromosomal deletions and inversions mediated by TALENs and 
CRISPR/Cas in zebrafish. Nucleic Acids Res. 41, el41 (2013). 

19. Sekine, K. et al. FgflO is essential for limb and lung formation. Nat. Genet. 21, 
138-141 (1999). 

20. Mashimo, T. et al Efficient gene targeting by TAL effector nucleases coinjected 
with exonucleases in zygotes. Sci. Rep. 3, 1253 (2013). 

21. McVey, M. & Lee, S. E. MMEJ repair of double-strand breaks (director's cut): 
deleted sequences and alternative endings. Trends Genet. 24, 529-538 (2008). 

22. Symington, L. S. & Gautier, J. Double-strand break end resection and repair 
pathway choice. Annu. Rev. Genet. 45, 247-271 (2011). 

23. Entesarian, M. et al. Mutations in the gene encoding fibroblast growth factor 10 
are associated with aplasia of lacrimal and salivary glands. Nat. Genet. 37, 125-127 
(2005). 

24. Milunsky, J. M. et al. LADD syndrome is caused by FGF10 mutations. Clin. Genet. 
69, 349-354 (2006). 

25. Scheckenbach, K. et al. An intronic alteration of the fibroblast growth factor 10 
gene causing ALSG-(aplasia of lacrimal and salivary glands) syndrome. BMC 
Med. Genet. 9, 114 (2008). 

26. Hermann, M. et al Evaluation of OPEN zinc finger nucleases for direct gene 
targeting of the ROSA26 locus in mouse embryos. PLoS ONE 7, e41796 (2012). 

27. Carbery, I. D. et al. Targeted genome modification in mice using zinc-finger 
nucleases. Genetics 186, 451-459 (2010). 

28. Chen, Y. G. et al Gene targeting in NOD mouse embryos using zinc-finger 
nucleases. Diabetes 63, 68-74 (2014). 

29. Ma, K. et al Efficient targeting of FATS at a common fragile site in mice through 
TALEN-mediated double-hit genome modification. Biotechnol. Lett. 36, 471-479 
(2013). 

30. Kato, T. et al Production of Sry knockout mouse using TALEN via oocyte 
injection. Sci Rep. 3, 3136 (2013). 

31. Takada, S. et al. Targeted gene deletion of miRNAs in mice by TALEN system. 
PLoS ONE 8, e76004 (2013). 

32. Qui, Z. et al. High- efficiency and heritable gene targeting in mouse by 
transcription activator- like effector nucleases. Nucleic Acids Res. 41, el20 (2013). 

33. Sakuma, T. et al. Repeating pattern of non-RVD variations in DNA-binding 
modules enhances TALEN activity. Sci. Rep. 3, 3379 (2013). 

34. Panda, S. K. et al Highly efficient targeted mutagenesis in mice using TALENs. 
Genetics 195, 703-713 (2013). 

35. Yeh, B. K. et al. Structural basis by which alternative splicing confers specificity in 
fibroblast growth factor receptors. Proc. Natl. Acad. Sci. U.S.A. 100, 2266-2271 
(2003). 

36. Ibrahimi, O. A. et al. Analysis of mutations in fibroblast growth factor (FGF) and a 
pathogenic mutation in FGF receptor (FGFR) provides direct evidence for the 
symmetric two-end model for FGFR dimerization. Mol. Cell Biol. 25, 671-684 
(2005). 

37. Entesarian, M. et al. FGF10 missense mutations in aplasia of lacrimal and salivary 
glands (ALSG). Eur. }. Hum. Genet. 15, 379-382 (2007). 



SCIENTIFIC REPORTS | 4:5705 | DOI: 1 0. 1 038/srep05705 



9 



38. Fu, Y. et al High-frequency off-target mutagenesis induced by CRISPR-Cas 
nucleases in human cells. Nat. Biotechnol. 31, 822-826 (2013). 

39. Pattanayak, V. et al, High-throughput profiling of off-target DNA cleavage reveals 
RNA-programmed Cas9 nuclease specificity. Nat. Biotechnol. 31, 839-843 (2013). 

40. Mashiko, D. et al, Generation of mutant mice by pronuclear injection of circular 
plasmid expressing Cas9 and single guided RNA. Sci. Rep. 3, 3355 (2013). 

41. Mashiko, D. et al. Feasibility for a large scale mouse mutagenesis by injecting 
CRISPR/Cas plasmid into zygotes. Dev. Growth Differ. 56, 122-129 (2014). 

42. Yang, H. et al. One-step generation of mice carrying reporter and conditional 
alleles by CRISPR/Cas-mediated genome engineering. Cell 154, 1370-1379 
(2013). 

43. Ran, F. A. et al. Double nicking by RNA-guided CRISPR Cas9 for enhanced 
genome editing specificity. Cell 154, 1380-1389 (2013). 

44. Shen, B. et al. Efficient genome modification by CRISPR-Cas9 nickase with 
minimal off-target effects. Nat. Methods 11, 399-402 (2014). 



Acknowledgments 

The present study was supported by JST (AS242Z01593P to A.Y.), JSPS KAKENHI 
(25463184 to A.Y.), JSPS KAKENHI (23687033/25650080 to T.M.), and MEXT KAKENHI 
(22124003 to S.N. and T.M.). 



Author contributions 

A.Y. and S.N. designed the work. A.Y., S.M. and T.W. performed the experiments. A.Y., 
S.M., T.S., S.O., T.Y., S.N., T.M. and E.T. analysed the data. A.Y. wrote the paper. All 
co-authors contributed in the form of discussion and critical comments. 

Additional information 

Supplementary information accompanies this paper at http://www.nature.com/ 
scientificreports 

Competing financial interests: The authors declare no competing financial interests. 

How to cite this article: Yasue, A. et al. Highly efficient targeted mutagenesis in one-cell 
mouse embryos mediated by the TALEN and CRISPR/Cas systems. Sci. Rep. 4, 5705; 
DOI:10.1038/srep05705 (2014). 

(J) 1 This work is licensed under a Creative Commons Attribution 4.0 International 
k^KH License. The images or other third party material in this article are included in the 
article's Creative Commons license, unless indicated otherwise in the credit line; if 
the material is not included under the Creative Commons license, users will need 
to obtain permission from the license holder in order to reproduce the material. To 
view a copy of this license, visit http://creativecommons.Org/licenses/by/4.0/ 



SCIENTIFICREPORTS | 4:5705 | DOI: 1 0. 1 038/srep05705 



10 



